
US007668640B2 

(12) United States Patent (10) Patent N0.2 US 7,668,640 B2 
Teraji et a]. (45) Date of Patent: Feb. 23, 2010 

(54) CYLINDER DIRECT INJECTION TYPE 4,453,502 A * 6/1984 Resler, Jr. ................. .. 123/430 

INTERNAL COMBUSTION ENGINE 5,050,550 A 9/1991 Geo 
6,227,151 B1 5/2001 Ma 

(75) Inventors: Atsushi Teraji’YOkOhama (JP); Tor“ 6,332,448 B1: 12/2001 Ilyama et a1. 123/304 
Noda Yokohama (JP) Daisuke Tanaka 6,711,893 B2 * 3/2004 Ueda et a1. . . . . . . . . . . . . . . . .. 60/285 

’ ’ ’ 6,972,093 B2 12/2005 Partridge et a1. .. 210/321.6 

Yokosuka (JP) 7,013,844 B2 * 3/2006 Oda ............................ .. 123/3 

7,013,861 B1 * 3/2006 Hutmacher et a1. 123/276 
(73) Assigneei Nissan Motor C06 LTD” Yokohama-S111, 7,040,279 B2 * 5/2006 Regueiro 123/254 

KanagaWa (JP) 7,188,607 B2 * 3/2007 Kobayashi . 123/431 
7,284,506 B1* 10/2007 Sun et a1. ..... .. 123/1 A 

( * ) Notice: Subject to any disclaimer, the term ofthis 7,320,297 B2 * 1/2008 Kamio et a1. ............. .. 123/1 A 
patent is extended or adjusted under 35 
USC 1 5 4 (b) by 70 days. FOREIGN PATENT DOCUMENTS 

EP 1 378 644 B1 5/2006 
(21) Appl. No.: 11/978,638 GB 2 327 980 2/1999 

JP 2005-139945 6/2005 

(22) Filed: Oct. 30, 2007 * Cited by examiner 

(65) Prior Publication Data Primary ExamineriStephen K Cronin 
Us May 1, ASSI‘SZLU’IZ Examinerilohnny H Hoang ' 

(74) Attorney, A gent, 0r FirmiDrmker Biddle & Reath LLP 

(30) Foreign Appllcatlon Prlorlty Data (57) ABSTRACT 
Oct. 31, 2006 (JP) ........................... .. 2006-295051 

A cylinder direct injection type internal combustion engine, 
(51) Int. Cl. including a fuel injection device con?gured to directly inject 

F 02D 41/30 (2006.01) a ?rst octane-value fuel and a second octane-value fuel into a 
(52) US. Cl. .................... .. 701/103; 123/27 R; 123/299 Combustion chamber. The second octane-value fuel has an 

(58) Field Of Classi?cation Search ....... .. 701/1014104; Octane value larger than an Octane value Of the ?rst Octane 
123/299’ 300, 305, 1A’ 3, 198 DA, 557’ value fuel. A controller is programmed to perform a ?rst 

123/558’ 276, 304, 316, 27 R’ 78 E, 78 F, operation mode. In the ?rst operation mode, the ?rst octane 
123/525’ 526 value fuel is injected from the fuel injection device, and the 

See application ?le for Complete Search history second octane-value fuel is injected from the fuel injection 
device toWard an ignition ?ame formed by self-ignition com 

(56) References Cited bustion of the ?rst octane-value fuel, so as to cause ?ame 

U.S. PATENT DOCUMENTS 

4,254,741 A 3/1981 Werling etal. 

propagation and combustion of the second octane-value fuel. 

16 Claims, 16 Drawing Sheets 



US. Patent Feb. 23, 2010 Sheet 1 6f 16 US 7,668,640 B2 

FIG. 1 



US. Patent Feb. 23, 2010 Sheet 2 6f 16 US 7,668,640 B2 

FIG. 2 



US. Patent Feb. 23, 2010 Sheet 3 6f 16 US 7,668,640 B2 

FIG. 3 
A 

? \ 

102 104 

HIGH-OCTANE FUEL 
1 

1°‘ 3 LOW-OCTANE FUEL HIGH-OCTANE FUEL 

LOW-OCTANE FUEL 
101 103 104 102 

l [11 

I 



US. Patent Feb. 23, 2010 Sheet 4 6f 16 US 7,668,640 B2 

102 

HIGH-OCTANE FUEL 

’ 101 

FIG 4 < J 11 - LOW-OCTANE FUEL J 

103 —L 

gIgELbgIyfogIfmg OPENING TIMING OF 
FUEL PIPE VALVE INJECTION VALVE 

# 
CRANK ANGLE 

LOW-LOAD OPERATION 

OPENING TIMING OF OPENING TIMING 
INJECTION VALVE OF LOW-OCTANE 

N \ FUEL PIPE VALVE 
N/ , 

CRANK ANGLE 
HIGH-LOAD OPERATION 



US. Patent Feb. 23, 2010 Sheet 5 0f 16 

FIG. 5 

US 7,668,640 B2 

IMMEDIATELY BURN FORMED 
AIR-FUEL MIXTURE 

SPRAY VELOCITY 
COMBUSTION AIR-FUEL MIXTURE , , 

' FORMING REGION REGION 

\ FMME PROPAGATION 
VELOCITY 



US. Patent Feb. 23, 2010 Sheet 6 6f 16 US 7,668,640 B2 

FIG. 6 

T PISTON MOTION 

(a) INJECTION OF LOW-OCTANE FUEL INTO CAVITY 

E R m M L E U _..r R N F 0 N D n N nlu 
WHOSE VELOCITY 

DECREASED NEAR WALL (b) IGNITION 

A-A CROSS SECTION 

(d) FLAME STANDING 



US. Patent Feb. 23, 2010 Sheet 7 6f 16 US 7,668,640 B2 

FIG. 7 



US. Patent Feb. 23, 2010 Sheet 8 6f 16 US 7,668,640 B2 

FIG. 8 

PATTERNA 

INJECTION RATE 
R \ 

\\ Ir 

4 PATTERN B 

INJECTION RATE 
v 

PATTERN C 

INJECTION RATE 
INJECTION PERIOD 

W : LOW-OCTANE FUEL 



US. Patent Feb. 23, 2010 Sheet 9 6f 16 US 7,668,640 B2 

i I 
1 l 

I l 
I I— 

FIG.9 
I; I] 
I I 

I If 

T f. 

u...- ......._.-_......_.._./ 

I I 
I I 

I I 
'I I 



US. Patent Feb. 23, 2010 Sheet 10 6f 16 US 7,668,640 B2 

FIG. 10 
f 

a) INJECTION OF HIGH-OCTANE 

~11 

FUEL IN CAVITY 

T PISTON 
MOTION 

a) INJECTION OF HIGH-OCTANE 
FUEL IN CAVITY 

b) FORMATION OF UNIFORM 
AIR-FUEL MIXTURE 
DISTRIBUTION 

c) START OF INJECTION , 
AND COMBUSTION OF 
LOW-OCTANE FUEL 

DISTRIBUTION 

AND COMBUSTION OF 
LOW-OCTANE FUEL 

b) FORMATION OF UNIFORM 
AIR-FUEL MIXTURE 

c) START OF INJECTION 



US. Patent Feb. 23, 2010 Sheet 11 6f 16 US 7,668,640 B2 

FIG. 11 

LOAD 

602 .93 mz?oo :9: E .. M258 29 E 



US. Patent Feb. 23, 2010 Sheet 12 6f 16 US 7,668,640 B2 

FIG. 12 

11a\ 111) 

I PISTON MOTION 

(a) INJECTION OF LOW-OCTANE FUEL INTO CAVITY 

IGNITION OF AIR-FUEL MIXTURE 
WHOSE VELOCITY 

DECREASED NEAR WALL 

(b) IGNITION {} 

A A 
(c) INJECTION 0F HIGH-OCTANE FUEL 

i 

G A-A CROSS SECTION 

(d) FLAME STANDING 



US. Patent Feb. 23, 2010 Sheet 13 6f 16 US 7,668,640 B2 

FIG. 13 

(a) INJECTION OF LOW-OCTANE FUEL INTO CAVITY 

(b) IGNITION 

1 
(c) INJECTION OF HIGH-OCTANE FUEL 

(d) FLAME STANDING 



US. Patent Feb. 23, 2010 Sheet 14 6f 16 US 7,668,640 B2 

14 (a) 

FIG. 14% 

POSITION AT POSITION AT 
HIGH COMPRESSION RATIO LOW COMPRESSION RATIO 



US. Patent Feb. 23, 2010 Sheet 15 6f 16 US 7,668,640 B2 

FIG. 15 

CRANK ANGLE TDC 

20:58 2055 



US. Patent Feb. 23, 2010 Sheet 16 6f 16 US 7,668,640 B2 

FIG. 16 

I11 

I PIsTON MOTION 

(a) INJECTION OF LOW-OCTANE FUEL INTO CAVITY 

(b) IGNITION 

(a) FLAME STANDING 



US 7,668,640 B2 
1 

CYLINDER DIRECT INJECTION TYPE 
INTERNAL COMBUSTION ENGINE 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

This application claims priority under 35 U.S.C. §ll9 to 
Japanese Patent Application No. 2006-295051, ?led on Oct. 
31, 2006, the disclosure of Which is incorporated by reference 
herein in its entirety. 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
The present invention relates to a cylinder direct injection 

type internal combustion engine using tWo kinds of fuels that 
are different in ignitability. 

2. Description of Related Art 
A related art internal combustion engine uses loW-octane 

fuel (high-cetane fuel) having a high self-ignitability and 
high-octane fuel having a high resistance to knocking. During 
a loW-load operation, stable self-ignition combustion (lean 
combustion) is achieved by increasing the supply ratio of 
loW-octane fuel. In contrast, during a high-load operation, 
pre-ignition is prevented by increasing the supply ratio of 
high-octane fuel. When tWo kinds of fuels are injected, a 
region Where the fuel concentration is high (rich region) is 
formed, and an increase in combustion temperature in the 
region increases the amount of NOx emission. Moreover, the 
amount of smoke emission is increased by a shortage of air in 
the region. In order to solve these problems, loW-octane fuel 
is injected toWard the center of a combustion chamber and 
high-octane fuel is injected toWard the periphery of the com 
bustion chamber so that the loW-octane fuel and the high 
octane fuel are not mixed in the combustion chamber. 

HoWever, even When tWo kinds of fuels that are different in 
ignitability are separately injected toWard the center and the 
periphery of the combustion chamber, as in the related art, the 
fuels need to be close to each other so that combustion is 
continuously performed, and it is di?icult to completely sepa 
rate the fuels. Since a rich region is inevitably formed, it is 
dif?cult to reduce the amount of NOx emission. 

BRIEF SUMMARY OF THE INVENTION 

In vieW of these circumstances, it is an object of the present 
invention to improve an injection method for tWo kinds of 
fuels that are different in ignitability (eg a loW-octane fuel 
having a relatively high self-ignitability, and a high-octane 
fuel having a relatively loW self-ignitability) for the purpose 
of stable combustion of the tWo kinds of fuels. 

In order to achieve the above object, an ignition ?ame of a 
loW-octane fuel is formed in a combustion chamber by inject 
ing the loW-octane fuel earlier than a high-octane fuel, and the 
high-octane fuel is then injected toWard the ignition ?ame. 

In this case, an ignition ?ame is formed by injecting loW 
octane fuel earlier, and high-octane fuel is burned by being 
injected toWard the ignition ?ame. Therefore, the injected 
high-octane fuel is immediately burned, and tWo-kinds of 
fuels that are different in ignitability are burned continuously. 
This can reduce the HC amount. Further, since the fuels are 
injected at different times, a rich region is not formed, and the 
amount of NOx emission is reduced. 

In an embodiment, the invention provides a cylinder direct 
injection type internal combustion engine, including a fuel 
injection device con?gured to directly inject a ?rst octane 
value fuel and a second octane-value fuel into a combustion 
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2 
chamber. The second octane-value fuel has an octane value 
larger than an octane value of the ?rst octane-value fuel. A 
controller is programmed to perform a ?rst operation mode. 
In the ?rst operation mode, the ?rst octane-value fuel is 
injected from the fuel injection device, and the second octane 
value fuel is injected from the fuel injection device toWard an 
ignition ?ame formed by self-ignition combustion of the ?rst 
octane-value fuel, so as to cause ?ame propagation and com 
bustion of the second octane-value fuel. 

In another embodiment, the invention provides a fuel inj ec 
tion control method for a cylinder direct inj ection type inter 
nal combustion engine, the engine including a fuel injection 
device con?gured to directly inject a ?rst octane-value fuel 
and a second octane-value fuel into a combustion chamber. 
The method includes injecting the ?rst octane-value fuel from 
the fuel injection device, forming an ignition ?ame in the 
combustion chamber by self-ignition combustion of the ?rst 
octane-value fuel, injecting the second octane-value fuel 
from the fuel injection device toWard the ignition ?ame of the 
?rst octane-value fuel, and causing ?ame propagation and 
combustion of the second octane-value fuel. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The accompanying draWings, Which are incorporated 
herein and constitute part of this speci?cation, illustrate pre 
ferred embodiments of the invention, and together With the 
general description given above and the detailed description 
given beloW, serve to explain features of the invention. 

FIG. 1 is a front vieW of an internal combustion engine 
according to a ?rst embodiment; 

FIG. 2 is a side vieW of the internal combustion engine; 
FIG. 3 is a vieW of a fuel injection device in the ?rst 

embodiment; 
FIG. 4 is another vieW of the fuel injection device in the ?rst 

embodiment; 
FIG. 5 is an explanatory vieW shoWing fuel behavior and 

standing ?ames in a cylinder under a loW-load operating 
condition; 

FIGS. 6A to 6D are schematic vieWs shoWing formation 
and combustion of an air-fuel mixture; 

FIG. 7 is a plan vieW of a piston croWn surface, shoWing a 
state in Which loW-octane fuel collides With a cavity; 

FIG. 8 is an exemplary vieW shoWing injection patterns in 
Which an injection period includes a loW injection rate sec 
tion; 

FIG. 9 includes schematic vieWs shoWing shape examples 
of cavities that form an ignition air-fuel mixture; 

FIG. 10 includes explanatory vieWs shoWing fuel behavior 
and ?ame propagation in the cylinder under a high-load oper 
ating condition; 

FIG. 11 is a graph shoWing the relationship betWeen the 
engine load and the difference betWeen fuel injection start 
timings; 

FIGS. 12A to 12D are schematic vieWs shoWing formation 
and combustion of an air-fuel mixture according to a second 

embodiment; 
FIGS. 13A to 13D are schematic vieWs shoWing formation 

and combustion of an air-fuel mixture according to a third 

embodiment; 
FIG. 14 is a vieW of a variable compression-ratio mecha 

nism according to a fourth embodiment; 
FIG. 15 is an explanatory vieW shoWing the piston stroke 

characteristics provided When the compression ratio is high 
and loW; and 
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FIGS. 16A to 16D are schematic vieWs showing formation 
and combustion of an air-fuel mixture according to a ?fth 
embodiment. 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

Embodiments of the present invention Will be described 
beloW With reference to the drawings. 

First, a ?rst embodiment of the present invention Will be 
described. 

FIGS. 1 and 2 are front and side vieWs, respectively, of an 
internal combustion engine according to the ?rst embodi 
ment. 

The internal combustion engine includes a combustion 
chamber 1, a cylinder head 2, a cylinder block 3, and a piston 
4 that de?ne the combustion chamber 1, an intake port 5, an 
exhaust port 6, an intake valve 7, an exhaust valve 8, an 
intake-valve cam 9, an exhaust-valve cam 10, and a fuel 
injection valve 11. In the internal combustion engine, fuel 
injection is performed according to signals from an engine 
control unit 12. 
A cavity 13 is provided in the center of a croWn surface of 

the piston 4. The fuel injection valve 11, Which may be a part 
of a fuel injection device, is formed by a multi-hole injection 
valve. While the fuel injection valve 11 may be an outWard 
opening injection valve or a sWirl injection valve, the average 
equivalence ratio of spray in cross section should be set to be 
less than or equal to about 2. The supply velocity and the 
combustion speed (i.e. ?ame propagation velocity) of an air 
fuel mixture supplied from the fuel injection valve 11 are 
balanced so that the ?ame stands still in the combustion 
chamber 1. 

The fuel injection valve 11 can inject loW-octane fuel 
(high-cetane fuel) and high-octane fuel. A speci?c con?gu 
ration of the fuel injection valve 11 Will be described With 
reference to FIG. 3. As used herein, a loW-octane fuel may 
also be referred to as a “?rst octane-value fuel” and a high 
octane fuel may also be referred to as a “second octane-value 
fuel.” 

Referring to FIG. 3, the fuel injection device includes the 
fuel injection valve 11, a fuel pipe 101 for loW-octane fuel, 
and a fuel pipe 102 for high-octane fuel. The fuel pipes 101 
and 102 are respectively provided With control valves 103 and 
104. The opening and closing timing of the control valves 103 
and 104 can be controlled by the engine control unit 12. By 
opening or closing the control valves 103 and 104 in accor 
dance With the injection timing, tWo kinds of fuel can be 
selectively injected from the single fuel injection valve 11. 
Both right and left con?gurations shoWn in FIG. 3 provide 
similar advantages. 
When loW-octane fuel is injected earlier than high-octane 

fuel during a loW-load operation, the control valve 103 of the 
loW-octane fuel pipe 101 is ?rst opened, and loW-octane fuel 
is injected. Subsequently, the control valve 103 is closed, and 
the control valve 104 of the high-octane fuel pipe 102 is 
opened so as to inject high-octane fuel. 
When loW-octane fuel is injected later than high-octane 

fuel during a high-load operation, the control valve 104 of the 
high-octane fuel pipe 102 is ?rst opened, and high-octane fuel 
is injected. Subsequently, the control valve 104 is closed, and 
the control valve 103 of the loW-octane fuel pipe 101 is 
opened so as to inject loW-octane fuel. 

FIG. 4 shoWs another example con?guration of the fuel 
injection device in the ?rst embodiment. A fuel injection 
device shoWn in FIG. 4 includes a fuel injection valve 11, a 
fuel pipe 101 for loW-octane fuel, and a fuel pipe 102 for 
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4 
high-octane fuel. Only the loW-octane fuel pipe 101 is pro 
vided With a control valve 103 Whose opening and closing 
timing are controllable by the engine control unit 12. By 
opening or closing the control valve 103 in accordance With 
the injection timing, tWo kinds of fuel can be selectively 
injected from the single fuel injection valve 11. 
When loW-octane fuel is injected earlier than high-octane 

fuel during a loW-load operation, the control valve 103 of the 
loW-octane fuel pipe 101 is opened earlier than the opening 
timing of the fuel injection valve 11, and is closed With some 
overlap With the opening timing of the fuel injection valve 11. 
Although the loW-octane fuel and the high-octane fuel are 
slightly mixed in this case, this does not cause a problem 
because the loW-octane fuel has a high self-ignitability. 
When loW-octane fuel is injected later than high-octane 

fuel during a high-load operation, the fuel injection valve 11 
is opened While the control valve 103 of the loW-octane fuel 
pipe 101 is closed, so that a combustible air-fuel mixture of 
high-octane fuel is formed in the cylinder. After the combus 
tible air-fuel mixture is formed, the fuel injection valve 11 is 
opened again. Prior to this opening timing of the fuel injection 
valve 11, the control valve 103 is opened to inject loW-octane 
fuel into the cylinder. 

With reference to FIG. 5, a description Will be given of the 
outline of fuel behavior and standing ?ames in the cylinder 
under a loW-load operating condition according to the present 
invention. 

LoW-octane fuel having a high self-ignitability is ?rst 
injected from the fuel injection valve. Successively folloWing 
the injection of loW-octane fuel, high-octane fuel is injected. 
The high-octane fuel injected later is atomiZed and evapo 

rated While taking in high-temperature ambient air, thereby 
forming a combustible air-fuel mixture. The combustible air 
fuel mixture formed by the high-octane fuel starts to be 
burned by a ?ame that is generated by self-ignition combus 
tion of the loW-octane fuel injected earlier. Subsequently, the 
?ame groWs and propagates upstream of the spray fuel. 

In the present invention, the average ?oW velocity of the 
spray (i.e. spray velocity) and the combustion velocity of the 
?ame (i.e. ?ame propagation velocity) are balanced, so that a 
?ame front is formed in the spray and subsequently stands 
still. The average equivalence ratio of the combustible air-fuel 
mixture at the ?ame front is set at about tWo or less. This ratio 
prevents generation of harmful exhaust components such as 
smoke and CO. 
By immediately burning the generated air-fuel mixture, as 

described above, spray combustion can be performed Without 
forming an unbumt air-fuel mixture. 

Since the combustion velocity varies according to the pres 
sure, temperature, disturbance, and concentration of the air 
fuel mixture, the position (i.e. distance) Where the ?ame 
stands still varies in accordance With the change in the ambi 
ent condition in the cylinder. HoWever, the combustion ?ame 
does not need to stand at a ?xed position through a combus 
tion period, but should be Within a range that satis?es the 
above-described condition. 

Formation and combustion of an air-fuel mixture Will be 
described With reference to FIGS. 6A to 6D as schematic 
vieWs. 

In this embodiment, loW-octane fuel is sprayed into the 
cavity in the early stage of injection so as to form an ignition 
air-fuel mixture in the cavity, as shoWn in FIG. 6A. The 
loW-octane fuel is injected at the timing that alloWs the fuel to 
be reliably injected into the cavity in the late stage of a 
compression stroke. 

Ignition pilot injection for ignition spray and subsequent 
main injection for main spray can be performed continuously. 
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Alternatively, divided injection can be performed by forming 
a difference between the timing of ignition pilot injection and 
the timing of main injection so that at least a part of fuel 
injected by ignition pilot injection is directed to the cavity. 

Then, a high temperature ?eld is formed by self-ignition 
combustion of the loW-octane fuel injected in the cavity, as 
shoWn in FIG. 6B. FIGS. 6A and 6B shoW the compression 
stroke (i.e. upWard movement of the piston). 
As shoWn in FIG. 7, the air-fuel mixture collides With the 

Wall of the cavity and is thereby diffused, and its ?oW velocity 
decreases. Therefore, stable ignition can be performed even 
When the distance betWeen the injection port and the cavity is 
short. 

In addition, the air-fuel mixture colliding With the Wall of 
the cavity spreads in a substantially annular shape near an 
inner Wall of a piston boWl. HoWever, since the loW-octane 
fuel has a high self-ignitability and starts to be burned, an 
annular-shaped high-temperature ?eld can be formed. 
As shoWn in FIG. 8, ignition pilot injection directed toWard 

the cavity is performed in a period in Which the injection 
quantity is small (i.e. a loW injection-rate period), and the 
loW-octane fuel is injected in this period. Since this can 
reduce the amount of fuel injected toWard the cavity, the siZe 
of the cavity can be decreased, and adhesion of fuel on the 
Wall of the cavity and the increase of smoke due to an exces 
sively dense air-fuel mixture can be avoided. As a result, the 
capacity of the cavity decreases, Which improves the SN ratio 
of the combustion chamber and reduces cooling loss. More 
over, the mechanical compression ratio of the engine can be 
increased. Further, injection of an excessive amount of loW 
octane fuel can be suppressed, Which also provides an advan 
tage in fuel consumption. 

Referring to FIG. 6C, fuel injection for main spray is per 
formed subsequently to the above-described ignition pilot 
injection. Fuel for main injection is injected outside the cav 
ity, and a Wide range of injection directions are designed so 
that the piston and the spray onto the upper Wall of the com 
bustion chamber do not interfere With the main injection. 
From the above, it is possible to make full use of air in the 

combustion chamber. The ignition ?ame formed in the cavity 
Whirls above the cavity because of a circulation ?oW formed 
by the kinetic momentum of the spray and the guide effect of 
the piston boWl. Consequently, an air-fuel mixture formed by 
main injection directed outside the cavity can be reliably 
ignited and subsequently burned. 

FIG. 9 shoWs example shapes of the cavity of the piston. In 
contrast to the normal shape, an inverse squish effect is 
enhanced by a reentrant shape, and the ignition ?ame ?oWs 
out of the cavity by the inverse squish effect. The cavity may 
be shaped such that the cavity Wall is open outWard, or may 
have any shape that provides an effect of positively leading 
the air-fuel mixture outside the cavity. 
As a result, the ignition ?ame formed in the cavity by the 

spray kinetic momentum and ?oW intersects the direction in 
Which the high-octane fuel is sprayed. This enables reliable 
ignition of main spray. 

Referring to FIG. 6D, main fuel ?oW enters the ignition 
?ame formed in the cavity, and is substantially simulta 
neously ignited. Consequently, the combustion ?ame of main 
spray immediately burns the formed air-fuel mixture, and 
stands still in the combustion chamber. FIGS. 6C and 6D 
shoW an expansion stroke (i.e. doWnWard movement of the 
piston). 

With reference to FIG. 10, a description Will noW be given 
of the outline of ?ame behavior and propagation in the cyl 
inder under a high-load operating condition. Left vieWs in 
FIG. 10 shoW a case in Which the load is relatively high. 
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6 
High-octane fuel injected from the fuel injection valve 

forms a uniform distribution of a combustible air-fuel mixture 
in the cylinder. In this case, pumping loss is reduced by 
stratifying the high-octane fuel according to the operating 
load condition (right vieWs (a) and (b) in FIG. 10). When 
loW-octane fuel is then injected near the top dead center, it 
achieves self-ignition combustion, so that normal ?ame 
propagation and combustion of the high-octane fuel is started. 
Since the high-octane fuel is dominant in the cylinder, com 
bustion can be performed Without knocking and the output is 
increased. 

FIG. 11 shoWs the relationship betWeen the engine load 
(i.e. Load) and the difference AT in fuel injection start timing 
(i.e. loW-octane fuel injection start timing “Tinj LOW 
OCTANE”ihigh-octane fuel injection stat timing “Tinj 
HIGH OCTANE”). 
As shoWn in FIG. 11, in a loW load region in Which loW 

octane fuel is injected earlier, AT is kept substantially con 
stant. In a high load region in Which loW-octane fuel is 
injected later, control is exerted so that AT increases as the 
load increases. This is to ensure suf?cient time for injection of 
high-octane fuel to be completed. 

According to the ?rst embodiment, combustion can be 
performed in accordance With the load by utiliZing loW-oc 
tane fuel (high-cetane fuel) having a high self-ignitability, 
and high-octane fuel having a loW self-ignitability. 

Accordingly, combustion can be achieved While reducing 
the amount of HC emission during a loW-load operation, and 
the internal combustion engine can provide high output dur 
ing a high-load operation. 
Under a predetermined ?rst operating condition (e. g. When 

the load is loW or the engine speed is loW), loW-octane fuel is 
injected earlier than high-octane fuel so as to form an ignition 
?ame of the loW-octane fuel in the combustion chamber, and 
high-octane fuel is then injected toWard the ignition ?ame so 
as to cause ?ame propagation and combustion of the high 
octane fuel. Subsequently, the supply velocity and the com 
bustion velocity of the high-octane fuel are balanced in order 
for the ?ame to stand still in the combustion chamber (i.e. 
standing combustion). 

Consequently, combustion can be controlled by the supply 
velocity of the air-fuel mixture, and can be performed so that 
the injection period and the combustion period are substan 
tially equal to each other. Further, since the formed air-fuel 
mixture is burned immediately, an unbumt mixture is not 
formed, and the amount of HC emission can be reduced. 

Since the high-octane fuel having a loW self-ignitability is 
used, self-ignition of a high-concentration fuel that is caused 
in diesel combustion is suppressed, and the increase of NOx 
is prevented. 
The cavity is provided on the croWn surface of the piston, 

and the loW-octane fuel is injected so that it can collide With 
the cavity. Therefore, the position Where the ignition ?ame of 
loW-octane fuel is formed can be determined by the cavity. By 
being charged into the ignition ?ame, the high-octane fuel is 
burned reliably. 

Since the injection rate of the loW-octane fuel is set to be 
loWer than that of the high-octane fuel, the injection amount 
of loW-octane fuel is small. Therefore, the siZe of the cavity 
can be reduced. As a result, it is possible to suppress adhesion 
of fuel onto the cavity Wall, an increase of smoke due to an 
excessively dense air-fuel mixture, and consumption of the 
loW-octane fuel. Further, since the capacity of the cavity is 
small, the S/V ratio is increased, and cooling loss is reduced. 

Since a substantially ?xed difference is ensured betWeen 
the injection start timing of the loW-octane fuel and the inj ec 
tion start timing of the high-octane fuel, injection of the 








